We present an ab initio study of carbon fullerenes, such as C 20 , C 36 , C 56 , C 60 , and C 68 , that are substitutionally doped with transition metals coordinated to several nitrogen atoms. These capsules with porphyrinlike metal sites have remarkable electronic and spin polarizations. Additional doping by boron increases their highest occupied molecular orbital-lowest unoccupied molecular orbital gap, stabilizes their electronic structure, and causes their ground states to have higher spin multiplicity, where the spin density is spread over the capsule. These capsules could be applied in molecular electronics, catalysis, light harvesting, and nanomechanics.
I. INTRODUCTION
Carbon fullerenes, 1 nanotubes, 2 or nanocones 3 have numerous potential applications due to their unique physical and chemical properties. 4 Similarly, BN nanotubes 5 and nanocapsules 6 are becoming of a large relevance, for example, as photoactive and piezoelectric materials. 7 When functionalized by physisorption 8 and covalent bonding, 9 these systems can also be used in sensing and controlling of biomolecules 10 or carrying of drugs. 11 Their spectrum of applications could be further extended if universal binding sites are introduced into these structures allowing stable chemical, electronic, and mechanical connectivity to different types of ligands.
Ewels and Glerup 12 discussed several possible atomic configurations for the N doping of carbon nanostructures. We have shown that transition metal atoms coordinated to three and four N atoms could be integrated into carbon nanocones by substituting a similar number of C atoms. 13 In this way, metallic binding sites can be formed in the nanostructures that can be further functionalized. External homogenous electric field could also be used for controlled attachment and release of metal ions at the tips of metal-doped carbon nanocones and carbon nanotubes ͑CNTs͒.
14 The N atoms bonded to two to three C atoms in CNTs were observed experimentally, 15 where the N atoms form three stable pyridinelike substitution sites and vacancies in the CNT walls. Dodelet and co-workers 16 found that an oxygen reduction reaction ͑ORR͒ catalyst prepared by pyrolysis of Fe͑II͒ acetate supported over carbon in the presence of ammonia can achieve good activity. The increased ORR activity of this catalyst has been attributed to the active sites FeN 2 -C and FeN 4 -C, where Fe is coordinated to two or four pyridinic or pyrrolic N atoms embedded in the conjugated carbon plane at elevated temperature. Recently, FeN 4 sites embedded in aligned CNTs were synthesized by chemical vapor deposition process. 17 Reaction studies showed that these metal and nitrogen doped CNTs are catalytically active toward the ORR and stable in acidic electolyte, mimicking the cathode environment of polymer electrolyte fuel cells. 17, 18 The doping mode of a transition metal atom coordinated to four N atoms is very similar to that of our cone and CNT structures. 13, 14 Carbon capsules doped by metals and functionalized by ligands might have many interesting applications. The most studied fullerene C 60 ͑Ref. 4͒ can be chemically activated upon introduction of heteroatoms, such as Si, 19 B, and N. 20, 21 We might try to build the "periodic table" of doped nanocapsules by starting from the smallest observed fullerene, C 20 . It contains 12 pentagonal rings and is highly strained because of the extreme pyramidalization of its double bonds. Its stability arises from electron correlations 22 and might be controlled by doping, as shown by Alder et al. 23 The C 12 P 8 fullerene can be particularly stable, whereas C 12 N 8 should be very unstable. Pattanayak et al. 24 investigated BN doping of small ͑C 20 -C 40 ͒ fullerenes and found that the BN pair would preferably replace a short C-C bond located at the hexagonpentagon junction due to the polarization of the system. A number of metal-doped analogs of C 20 , called metalcarbahedrenes ͑metcars͒ that contain eight Ti, V, or Mo atoms, were also synthesized by Castleman and co-workers and others. [25] [26] [27] [28] In particular, Ti 8 C 12 + is a promising catalyst for hydrodesulfurization of oils because of its strong interaction with thiophene. 29 Theoretical predictions also show that C 20 has a remarkable activity toward the addition of alkenes, 28 while C 36 is highly reactive and has a strong tendency to form intermolecular covalent bonds. The applications of fullerenes in electronics have also been explored. C 20 and C 36 have been encapsulated in semiconducting CNTs, 30 leading to various peapod structures. The insertion of different types of metallofullerenes into CNTs, such as Gd encapsulated in C 82 , 31 could allow for their complex band-gap engineering.
tutionally doped fullerenes merged with nanocones. The formed metal doping sites offer superior binding and functionalization opportunities with potential applications in electronic, photonic, and nanomechanical devices.
II. COMPUTATIONAL TECHNIQUE
We describe the structure and electronic properties of the complexes by using density functional theory ͑DFT͒ that has proven to be a powerful tool for investigation of transition metal complexes. 33 The geometry and electronic structure optimization of the complexes is performed by using the B3LYP exchange-correlation functional incorporated in the GAUSSIAN 03 software package. 34 The all-electron triple-6-311G
‫ءء‬ basis set is used for Ni, Fe, S, B, C, N, and H atoms. 35 For the valence shell of Th, Os, Re, Ce, and Ru atoms, we use the Stuttgart-Dresden ͑SDD͒ basis set and for the core electrons, we use the SDD effective core potentials. 36 For all structures we apply pruned integration grid that has 75 radial and 302 angular points per shell. For comparison, we also perform optimizations of these structures with the Amsterdam density functional ͑ADF͒, 37 where we use the BLYP exchange-correlation functional and the generalized gradient approximation. For all atoms, we utilize the triple-basis set that includes polarization functions on H atoms ͑TZP͒.
III. NANOCAPSULE DESIGN
In Fig. 1 , we present DFT-optimized geometries of a series of Ni-, N-, and B-doped nanocapsules that are structurally related to C ͑Ref. 1͒ and BN ͑Ref. 38͒ fullerenes, as well as to Ni͑II͒ and N doped carbon nanocones. 13 These polymetallic capsules are obtained as follows.
͑1͒
The smallest metallocapsule 1 ͑C 8 N 8 Ni 2 ͒ is obtained from the I h isomer of C 20 in whose tips two pairs of fused 5-5 rings are substituted with two pairs of 4-4 rings. In Fig. 2 ͑left͒, we show part of the surface of carbon fullerene C 20 that contains fused 5-5 rings. In this structure, two adjacent C atoms are substituted with a single Ni atom. Also, all four C atoms adjacent to Ni are substituted with N atoms to yield a NiN 4 moiety that contains 4-4 rings. In capsule 1, the N atoms are part of four pyrrolic rings. Bimetallic capsule 1 can also be designed from two doubly fused biimidazole ligands. Its structure is similar to some photochemically active Ru͑II͒ complexes. 39 The eight N atom substitution mode of C 20 considered by Alder et al. 23 is the same as in capsule 1. ͑2͒ Nanocapsule 2 ͑C 24 N 8 Ni 2 ͒ is obtained from the D 2d isomer of C 36 , where two pairs of fused 6-6 rings are substituted with two pairs of 5-5 rings. In Fig. 2 ͑right͒, we show a part of the C 36 fullerene surface that contains fused 6-6 rings. In this structure, two adjacent C atoms at the 6-6 ring fusion area are substituted with a single Ni atom. Also, all four C atoms adjacent to Ni are substituted with N atoms to yield a NiN 4 moiety that contains 5-5 rings. In nanocapsule 2, the four N atoms belong to four pyrrolic rings. This capsule can also be designed by fusion of two metal-tipped nanocones 13 and extended by addition of CNT segments. Capsule 3 ͑C 40 These capsules can be extended by adding larger C atom cones that would elongate them and increase their diameter. One could also insert in them CNT segments that would elongate them. The capsule fusion rims can be designed to have zigzag or "armchair" structures.
IV. RESULTS AND DISCUSSION
We use Ni͑II͒ in the capsule doping because it forms stable square planar and tetrahedral complexes. We treat the capsules in Fig. 1 as neutral in analogy to the Ni-doped nanocones. 13 Capsules 1-4, 9, and 16-22 contain two Ni atoms and octadentate capsule ligands ͑CLs͒. Capsules 5, 6, and 23 contain two Ni atoms and hexadentate CLs. Capsule 7 contains two Ni atoms and a heptadentate CL, whereas capsule 8 contains a tetradentate CL. Capsules 10-16 contain from three to six metal atoms and multidentate CLs.
In Fig. 1 , we organize these capsules in four structurally dissimilar groups labeled A-D. In group A ͓Fig. 1 ͑top panel͔͒, we include capsules 1-7 that comprise the seven distinct capsule frameworks considered in this article. In group B ͓Fig. 1 ͑middle panel͔͒, we include capsules 8-15 that are obtained by Ni doping of capsule 4. In group C ͓Fig. 1 ͑bottom panel͔͒, we include capsules 16-23 that are obtained by B doping of capsules 2 and 5. In the last group D ͓Fig. 1 ͑bottom right panel͔͒, we include capsules 24-26 that contain Fe-doping and encapsulated heavy metal ions.
We also study separately the CLs that are optimized as neutral molecules. This allows us to analyze the geometrical changes caused by the metal coordination and calculate the homolytic binding energies.
A. Ground electronic states in capsules
All capsules contain even number of electrons. The CLs also contain even number of electrons except for the CL of capsule 7. For structures that contain even number of electrons, we determine the ground electronic state as the state with the lowest total energy among the closed-shell singlet and the open-shell triplet, quintet, heptet, nonet, and endecet states. The ground electronic state of the CL of capsule 7 is determined as the state with the lowest total energy among the open-shell doublet, quartet, and sextet states. The ground state search is also aimed at the minimization of the percent spin contamination ͗⌬S 2 ͘ cont ,
The ͗S 2 ͘ cont values are obtained as part of the geometry optimization output. For triplet, quartet, quintet, heptet, nonet, and endecet spin states, the S values of 1.00, 1.50, 2.00, 3.00, 4.00, and 5.00 yield S͑S +1͒ values of 2.00, 3.75, 6.00, 12.00, 20.00, and 30.00, respectively. A value of ͗⌬S 2 ͘ cont , which is lower than 10% ͑0.1͒ before spin annihilation should indicate that the spin contamination is negligible. 40 In our search of ground states, we apply a stricter criterion of ͗⌬S 2 ͘ cont Ͻ 2% before spin annihilation. The results are listed in Table I . In group A, the ground state of the smallest capsule 1 is quintet, whereas the ground states of capsules 2-4 are singlet. In these four capsules, the Ni coordination is pseudo square-planar. 13 For comparison, 
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Multifunctional metal-doped nanocapsules J. Chem. Phys. 129, 234702 ͑2008͒ the ground states of pure carbon fullerenes C 20 and C 60 in the I h symmetry are singlet. 41, 42 The ground state of C 36 in D 6h is triplet. 43 The ground states of capsules 5 and 6 are heptet and quintet, respectively. In these capsules, the Ni coordination is pseudotetrahedral. 13 For comparison, the metal-doped nanocones, related to capsules 5 and 6, have quintet and quartet ground states, respectively. 13 The ground state of capsule 7, related to capsules 4 and 6, is triplet. These results show that the ground state multiplicity of the metal-doped capsules increases as high-spin metal species ͑i.e., tetrahedral Ni͒ are introduced. The Ni-doped capsule ground state multiplicities are also higher than the respective cones. 13 In group B, the ground states are singlet except for capsules 9 and 11 that have triplet ground states. This suggests that metal doping at adjacent sites could produce structures with higher ground state multiplicity. In group C, the ground states are singlet except for capsules 16 and 22 that have triplet ground states. The ground state of capsule 23 is endecet, suggesting that BN doping could be particularly effective for ground state tuning. In group D, the ground state of the bimetallic capsule 24 is quintet. Ground states with high multiplicity are typical for Fe͑II͒ complexes because Fe͑II͒ has small octahedral ligand-field splitting energy. The ground states of capsules 25 and 26 that contain a Th and a Ce atom, TABLE I. Selected optimized distances ͑Å͒ for neutral ligands ͓N-N͑L͔͒ and complexes ͓N-N͑cx͒, M-N ͑M = metal atom͒, and M-M͔, N-N-N-M dihedral angles ͑degrees͒ in their ground electronic states ͑GS͒. Mülliken metal atom charges ͑q͑M͒, e͒, Mülliken metal atom spin densities ͓Spin͑M͒, e͔, binding energy ͑E b ,eV͒, and HOMO-LUMO gaps ͑H-L, eV͒ for the neutral complexes in GS as well as lowest-lying excited state energies ͓E ͑LLES͔͒. The GS and LLES types s, t, q, h, n, and ed are singlet, triplet, quintet, heptet, nonet, and endecet, respectively. The HOMO-LUMO gaps of open-shell systems are determined relative to LUMOs of the same spin type as the HOMOs. The N-N distances for capsules 1-4 and 7-22 are for N atoms trans to the Ni atom. The N-N distances for capsules 5, 6, 7 ͑top͒, and 23 are for N atoms that belong to the same metal coordination site. The ligand N-N distances are defined as in the corresponding complexes. For capsules 10, 10Ј, and 12-15, only the diametric M-M distances are listed. The dihedral N-N-N-M angles involve the N atoms bonded to the same metal atom. respectively, are singlet. These results show that the ground state multiplicity of the metal and B-doped fullerenes depends strongly on the nature and organization of the dopants. We now discuss the stability of metal-and boron-doped capsules by comparing their ground state energies. First, we consider the parent structure 4 and the Ni-doped capsules of group B. For two Ni atom dopings, capsule 9 is more stable than 4 by 0.16 eV. The three Ni atom dopings are in the three isomers 10, 10Ј, and 11. In isomer 10, there are two Ni doping sites located on both sides of fused 6-6 rings, whereas in 10Ј there are two Ni doping sites located on both sides of a 5-5 junction. The ground state energies of isomers 10Ј and 11 are higher than those of isomer 10 by 0.65 and 0.59 eV, respectively. For four Ni atom dopings, capsule 12 is more stable than capsule 13 by 0.70 eV. These results suggest that the preferred Ni-doping mode is with the dopants far apart.
Second, we consider the B-doped capsules of group C. Capsule 18 is the most stable among capsules 16-19 that are doped with two B atoms. The energies of capsules 16, 17, and 19 are higher than that of capsule 18 by 0.13, 0.21, and 0.27 eV, respectively. These results suggest that the preferred B-doping mode is with two B atoms at para positions in the same six-membered ring. We use this result for the B-doping mode selection for capsule 22. In capsules 20 and 21, with four B atoms, the latter is more stable than the former by 0.11 eV.
The ground state spin contamination values for capsules 1, 5, 6, 7, 9, 11, 16, 22, 23, and 24 obtained before ͑after͒ spin annihilation are 6.03 ͑6.03͒, 12.05 ͑12.00͒, 6.03 ͑6.03͒, 2.03 ͑2.03͒, 2.09 ͑2.00͒, 2.06 ͑2.00͒, 2.03 ͑2.00͒, 2.02 ͑2.00͒, 30.08 ͑30.00͒, and 6.08 ͑6.07͒, respectively. These results show that the ground-state spin multiplicities are highly pure.
B. First excited electronic states in capsules
The lowest excited states for these capsules have been optimized during the ground state search. The results are only reliable when the energy separation is larger than the DFT accuracy threshold, estimated to be Ϸ0.1 eV ͑Ref. 44͒. In group A, the lowest-lying excited state energies are higher than the ground state energies by more than 0.1 eV except for capsule 5. The lowest-lying excited state of capsule 5 is impure ͑͗⌬S 2 ͘ cont =18%͒. In group B, the lowest-lying excited state energies of capsules 9 and 13-15 are higher than the ground states by 0.07 eV or less. These capsules contain adjacent Ni doping sites. In group C, capsule 19 has a particularly low-lying excited state. This capsule is the least stable isomer of capsules 16-19. For capsule 23, the ͗⌬S 2 ͘ cont values of the endecet ground and nonet lowest-lying excited states are 0.3% and 5%, respectively. Our results show that the ground state of this structure would be mixed due to the small energy difference between these two states.
C. The electronic states in capsule ligands
The CL ground states are singlet except for capsules 5, 7, and 23 that have triplet, doublet, and nonet ground states, respectively. We also discuss the stability of the CLs. For the CLs of capsule 4 and group B, the stability trends are rather different from the respective capsules. The CL of capsule 9 is more stable than that of capsule 4 by 0.56 eV, while the CL of capsule 11 is the most stable among the dodecadentate CLs. The energies of CLs 10 and 10Ј are higher than that of CL 11 by 0.47 and 0.51 eV, respectively. Of the two hexadecadentate CLs, capsule 13 is more stable than capsule 12 by 0.36 eV. This comparison shows that CLs containing larger complete fragments of C 60 are more stable.
In group C, the most stable among the capsules that contain two B atoms is capsule 19. The energies of CLs 16, 17, and 18 are higher than that of CL19 by 0.96, 0.47, and 0.90 eV, respectively. Thus, the CL stability increases in the order of 16Ͻ 18Ͻ 17Ͻ 19, which is almost the opposite to that of the capsules, 19Ͻ 17Ͻ 16Ͻ 18. The energy of the CL of capsule 20 is higher than that of capsule 21 by 1.91 eV. Opposite stability trends for ligands and their complexes seem reasonable, considering that stable ligands would be less prone to structural changes upon complexation.
The lowest-lying excited states of the CLs of capsules 5, 7, and 23 are quintet, quartet, and heptet, and their energies are higher than the respective ground states by 0.18, 0.08, and 0.05 eV. The lowest-lying excited states of the rest of the capsules are triplet and their energies are higher than the singlet ground states by more than 0.2 eV.
D. The spin density in capsules
In Table I , we also list the Mülliken spin density at the metal atom in capsules. Generally, the Ni atom spin densities increase as the ground state multiplicities increase. However, the square-planar complexes tend to have lower Ni atom spin densities. Capsules 7 and 24 are highly spin polarized, as the spin density of one Ni atom in these structures is zero. The spin polarization effect in capsule 7 is achieved as a result of different Ni͑II͒ coordination. In capsule 24, the spin polarization arises from doping with different metal atoms. The spin polarization of this structure can be additionally tuned by the attachment of paramagnetic ligands. 45 The presence of ground electronic states of high multiplicity together with the energetic closeness of states with different multiplicity suggests that one could easily spin polarize these systems and make them potentially useful for magnetic applications. 46 In Fig. 3 , we show the electron spin density distribution for several capsules. The electron spin density is calculated as the difference between the ␣ ͑spin-up͒ and ␤ ͑spin-down͒ electron densities. In top left and middle, we show that extension of the B and N doping in capsule 23 leads to spreading of the spin density over larger part of the capsule relative to capsule 5. In top right, we show the strong spin polarization induced by the two different metal coordinations at the top and bottom of capsule 7. The presence of high-spin Fe͑II͒ in capsule 24 also yields a highly spin-polarized structure.
E. The charge density in capsules
In Table I , we also list the Mülliken charges on the Ni atom in capsules. In general, the Ni atom charge increases as the ground state multiplicity increases. Consequently, the tet-rahedral Ni sites have higher Ni atom charges than the square-planar Ni sites. For capsules 1-4, the Ni atom charge increases as the Ni-N distance increases. It is particularly interesting to see the extensive charge polarization in the asymmetric capsule 7, caused by the different coordination environment. In group B, increased Ni doping causes small charge decrease, as the charge is distributed over several Ni atoms. In group C, increased B atom doping causes small increase in the Ni atom charge. The largest metal atom charge is obtained for the Fe atom of capsule 24. This structure is highly charge polarized, as shown in Fig. 3 ͑bottom right͒. The smallest metal atom charge is obtained for Ce encapsulated in capsule 25.
F. Geometry optimization
Geometry optimization with DFT of N-doped CNTs has shown that substitutions of C with N atoms lead to less than 0.02 Å shifts in the atomic positions. 12, 47 In Table I , we list selected structural parameters obtained from the ground-state geometry optimization of the capsules shown in Fig. 1 , and the related anionic CLs. Our results are obtained with the B3LYP functional, which is successful in accounting for the relative changes in metal-ligand bond lengths. 33 Due to their extended -structures, the CLs are rigid and undergo smaller geometrical changes upon metal coordination relative to the respective nanocones, 13 mostly observable at the N atom positions. These changes can be quantitatively evaluated from the relative changes in the N-N distance trans to the Ni atom.
In group A, the N-N distance upon Ni coordination in capsule 1 increases by 0.6%. The N-N distance for capsule 2 decreases from 3.95 Å for the ligand to 3.72 Å for the complex, i.e., by 6.2%. The relative changes in the N-N distance for capsules 3 and 4 are 4.0 and 4.1%, respectively. For capsule 5, the N-N distance increases by 1.1%, whereas for capsule 6 it decreases by 1.2%. The capsules and CLs have shorter N-N distances in comparison to the metal-doped nanocones and nanocone ligands. 13 This arises from the increased rigidity of the capsules relative to the cones.
In group C, we list two N-N distances in Table I . The first value is for the N-N distance that involves an N atom adjacent to a B doping site, whereas the second value is for the N-N distance that does not involve an N atom directly bonded to B atom͑s͒. For two B atom dopings near one N atom, the N-N distances of the same coordination site change the most, as we show for capsule 16 ͑top͒. The N-N distances that do not involve N atoms adjacent to B are the same as in capsule 2, as we list for capsules 16, 17, and 21 ͑bottom͒. For capsule 23, the B and N doping causes N-N distance elongation of 0.16 Å relative to capsule 5. This structural relaxation is large in comparison to CNTs. 12, 47 In group D, the N-N distance for capsule 24 at the Fe atom is longer than at the Ni atom because of the larger ionic radius of high-spin Fe͑II͒ relative to zero-spin Ni͑II͒. For capsules 25 and 26, the N-N distance is longer than for capsule 2.
We also study the metal-N ͑M-N͒ bond lengths and N-N-N-M torsion angles in these complexes and present the results in Table I . The longest Ni-N bond is obtained for capsule 1 because this structure contains strained fourmembered NiNNC rings. The Ni-N bond length is not affected by elongation of the capsule from 2 to 3. For capsules 5, 6 , and 7 ͑top͒, we note a small Ni-N bond elongation. The Ni-N bond in capsule 7 ͑bottom͒ is shorter than that in capsule 4. This is due to the specific capsule fusion mode that causes contraction of the bottom coordination site. In group B, the Ni-N bond lengths show small variations.
In group C, B doping causes large Ni-N bond elongation. This effect is most pronounced for capsule 16, 17 In group D, the Fe-N͑bpy͒ bond length for capsule 24 is 2.25 Å. This Fe-N bond length is typical for high-spin Fe͑II͒ complexes. 48 For capsule 25, the Ce atom is displaced off the CL center because this atom is too small to be effectively encapsulated. The Ce-N bond lengths are comparable to 2.47 Å obtained by x-ray adsorption near-edge structure determination for the bis͑naphthalocyanato͒ cerium complex. 49 For capsule 26, the Th atom is almost at the center of the CL, indicating a very effective encapsulation. The Th-N bond lengths in the range of 2.71-2.80 Å are reported from x-ray crystallography.
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The N-N-N-M torsion angle is useful for evaluation of the metal atom displacement relative to the plane of the coordinating N atoms. For pseudo-square-planar complexes, large values of the torsion angle suggest high structural strain and reduced stability. The largest torsion angle of all squareplanar structures is obtained for the smallest capsule 1, indicating that this structure is highly strained. The torsion angles for capsules 2 and 3 are larger than that of capsule 4 by 2°, suggesting that the former are more stained than the latter. For capsule 6, the torsion angle increases by 6°rela-tive to capsule 5, as the capsule diameter and the N-N͑cx͒ ͑cx denotes complex͒ distance decrease. In group B, the torsion angle increases as the amount of Ni doping increases. The extensive B and N doping in capsule 23 causes the torsion angle to decrease relative to capsule 5. For capsule 24, the Fe atom torsion angle is large because of the pseudooctahedral coordination.
The Ni-C bond lengths for capsules 5, 6, 7, and 23 are 1.90, 1.94, 1.95, and 1.93 Å, respectively. For capsules 5-7, the Ni-C bonds are shorter than the respective Ni-N bonds, whereas for the B-doped capsule 23 the Ni-C bonds are longer than the Ni-N. For capsule 25, the Ce-C bond lengths ͑C atoms bonded to the bottom N atoms, Fig. 1͒ are 2.53-2.54 Å. It is particularly interesting to consider the Th atom encapsulation in capsule 26. The Th-C͑six-membered ring͒ bonds of 2.70-2.80 Å are shorter than the Th-N bonds but longer than 2.61 Å reported for Th-C͑CO͒.
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G. Metal-ligand binding energies
The metal-ligand bond dissociation energies provide crucial information about the capsule stability. We calculate these energies for homolytic ͑E b ͒ dissociation, i.e., dissociation yielding neutral metal atoms and ligands,
Here, E͑n͒ is the total energy of capsule n, E͑CL͒ is the total energy of the neutral singlet CL, E͑M͒ is the total energy of all isolated metal atoms in the singlet state, E͑CN͒ is the energy of the doublet CN 0 , and m is the number of metal atoms in the capsule. The E b energies are obtained per metal coordination site, except for the asymmetric capsules 7 and 24, where we calculate E b for each metal atom separately. The binding energy of the Ni atom at the top of capsule 7 is E b ͑Ni͑7 top ͒͒ = E͑n͒ − E͑CL+ Ni bottom ͒ − E͑Ni͒ − E͑CN͒, where E͑CL+ Ni bottom ͒ is the total energy of the structure that contains the CL of capsule 7 and the bottom Ni atom, optimized in doublet state. Similarly, binding energy of the N atom at the bottom of capsule 7 is E b ͑Ni͑7 bottom ͒͒ = E͑n͒ − E͑CL͒ −2E͑Ni͒ − E b ͑Ni͑7 top ͒͒ − E͑CN͒. The binding energy of the Fe atom at the bottom of capsule 24 is
where E͑Fe͒ is the total energy of a singlet Fe atom, E b ͑Ni͑3͒͒ is the binding energy of Ni in capcule 3, and E͑bpy͒ is the total energy of a neutral singlet bpy ligand. The capsule and ligand energies are obtained for the optimized geometries of the structures.
Thus, the energy changes arising from the changes in geometry that occur as a result of the bonding are included in the homolytic bond dissociation energy.
The E b values are listed in Table I . Low negative E b values indicate strong metal-ligand bonds. In group A, the binding energy of capsule 1 is the highest because of its strained geometry. The E b value of capsule 3 is lower than that of capsule 2, suggesting that capsule elongation relieves strain. The E b value of capsule 4 is rather high, considering that the torsion angle does not suggest large strain. It could arise from a large geometry rearrangement upon Ni coordination and/or short N-N distances that do not allow for effective Ni coordination. The binding energies of capsules 5 and 6 that contain hexadentate CLs are lower than those of capsules 1-4. The stronger binding in capsule 5 relative to 6 is supported by the shorter Ni-N bond and the smaller torsion angle that is closer to the perfect tetrahedron value of 35.3°. In the asymmetric capsule 7, the E b for the top Ni atom is lower than that for the bottom one by 2 eV. In this structure, the top and bottom Ni atom binding energies are lower than these of capsules 6 and 4, respectively, which have analogous coordination sites. The stronger binding in the asymmetric structure 7 could be due to strain relief at the fusion area.
In group B, the binding is weaker for structures that contain Ni atoms close together, as in capsules 9, 11, and 13, relative to 4, 10, and 12. This trend is supported by the capsule stability as evaluated from the total energies. Additional Ni doping also increases the binding strength.
In group C, the binding is stronger than for the undoped capsule 2. Increased B dopings for capsules 21 In group D, the high Fe atom binding strength for capsule 24 is due to its octahedral coordination. The Th binding energy for capsule 26 is higher than that for capsule 25. Our results for U, Th, and Ce encapsulation in the CL of capsule 2 show that this CL is particularly effective for Th binding and could be used for selective Th͑IV͒ sequestration. For capsules 2-6, the E b values show that the Ni-CL bond is weaker than the Ni-cone bonds reported previously. 13 This is because the capsules are more rigid than the respective cones.
H. The highest occupied molecular orbital-lowest unoccupied molecular orbital energy gap
The energy gap between the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ is an important characteristic of the stability of the ground electronic state. The HOMO-LUMO gap decreases upon capsule elongation from 2 to 3, similar to cone elongation. 13 In group B, metal doping increases the energy gap, especially if the Ni atoms are not clustered together, as for capsules 10 and 12. In group C, B doping increases the HOMO-LUMO gap only if the doping sites are close to-gether, as in capsules 16 and 21. The extensive BN doping of capsule 23 increases the energy gap by only 0.03 eV. In group D, the Fe atom doping of capsule 24 leads to 0.07 eV increase in the energy gap relative to capsule 3. For capsule 26, the energy gap is larger by 0.22 eV relative to capsule 25. The wider energy gap and the lower E b value of capsule 26 indicate more stable structure relative to capsule 25. In groups B and C, the doping modes that lead to the formation of more stable structures also lead to large energy gaps.
V. APPLICATIONS
The above studies show that we can introduce various metallic binding sites into carbon nanostructures with minimal structural changes. The coordination sites can be finely tuned by the nature of the transition metal and the location of the doping site. The multiple binding sites can be functionalized in various patterns, especially when the capsules are extended into nanotubes. These metal-doped and functionalized nanosystems might show chemical, electronic, optical, and mechanical activity.
As a first example, we show in Fig. 4 the HOMO-2 ͑next nearest to the HOMO͒, HOMO, and LUMO diagrams for a light-harvesting antenna ͑H 26 B 5 C 61 N 18 S 2 RuReOs͒. In order to spatioenergetically separate its active quantum states, we order the metals so that the polyimine moieties have decreasing metal-to-ligand charge transfer state energies, from Re͑I͒ and Ru͑II͒ to Os͑II͒. 52 Therefore, the system is formed by a cone 13 containing an Os͑II͒ atom on the tip that is coordinated to a 2 , 2Ј-bipyrimidine ͑bpm͒ ligand. 53 The latter is coordinated at the top to the Ru͑II͒-doped tip of a capsule derived from 21, while the other tip of the capsule is doped with a Re͑I͒ atom coordinated to a 4,4Ј-dithiopheno-2 , 2Ј-bipyridine ͑dtbpy͒ ligand. The capsule of this closed-shell neutral antenna contains four B atoms as in capsule 21 and one B atom in para position. The B-doping mode of capsule 21 is selected because it yields the largest HOMO-LUMO gap in series C ͑Table I͒. The B atom doping at the para position yields the most stable structure among capsules 16-19. This sandwiched system allows large spatial separation of its frontier orbitals, necessary in photovoltaic conversion. 54 Its HOMO-LUMO energy gap is 1.38 eV, and the energy of the HOMO-2 is 0.21 eV lower than the HOMO. The B doping and thiophene covalent bonding increase the HOMO-LUMO gap by Ϸ0.8 eV, shifting it near the visible light range relative to the structure that contains capsule 2 and bpy. Chen et al. 55 showed that the electron-rich thiophene moiety covalently bonded to bpy increases the HOMO-LUMO gap of Ru͑II͒ photosensitizers. The lightinduced electronic transitions can occur from the HOMO and HOMO-2 that contain large Re-dtbpy and Ru-capsule orbital contributions, respectively, to the LUMO. The latter is strongly localized on the carbon part of the nanocone 13 and should allow efficient charge collection at the electrode. The system is also highly rigid, preventing thus parasitic effects, such as electron tunneling.
As a second example, we present in Fig. 5 5 . ͑Color͒ ͑top͒ A nanomechanical system formed by two extended capsules coordinated to a bpm ligand. The system can be displaced from its equilibrium bent conformation by bending and twisting. ͑bottom͒ The relative energy of the nanomechanical system for twisting and bending. The E and E 0 are the total energies of the bent ͑twisted͒ and optimized structures, respectively.
heptet and its energy gap is 0.68 eV. The equilibrium bending of the structure is caused by different symmetries of the capsules ͑threefold͒ and the ligand ͑twofold͒ around the two Ru atoms as well as by the different capsule coordination sites. In a series of single-point calculations, we calculate the energies of bending about angles ␣ 1 and ␣ 2 , as well as twisting ͑spinning͒ about angles 1 and 2 . The spinning axes for 1 and 2 are defined as the median lines for the lower left and upper right capsules ͑inclusive of Ru, Ni, and CN͒, respectively. The bending for ␣ 1 and ␣ 2 is done in the plane defined by the Ni atoms at the bottom left and top right, respectively, as well as the two Ru atoms. In the optimized structure, the values of ␣ 1 and ␣ 2 are 146.2°and 144.5°, respectively. The angles are varied one at a time, while the rest of the structure remains unchanged.
In Fig. 5 ͑bottom͒, we show the dependence of the system total energy on the twisting and bending angles, where the zero values of 1 and 2 correspond to the optimized structure. The 1 -angle twisting barrier is higher than the 2 -barrier by 5.0 kcal/mol. The bending energy dependence shows that the system is more rigid with respect to angle ␣ 1 than ␣ 2 . The system is more rigid toward decreasing ␣ 1 and ␣ 2 than toward increasing them relative to the optimized values. The complex resembles a joint in arms or legs and might be used in nanomechanics.
VI. CONCLUSIVE NOTES
We have investigated metal, nitrogen, and boron doping in carbon nanocapsules structurally related to fullerenes. The results can be summarized as follows. ͑1͒ Nickel atom doping of fullerenes yields capsules with binding energies comparable to Ni͑II͒-doped nanocones and Ni͑II͒ porphyrin. These capsules provide a wide range of possibilities for binding of functional groups. ͑2͒ The ground state spin multiplicities of these capsules increase as the buckling of the NiN 4 moiety increases. The presence of low-lying excited states allows for reactivity control in analogy to natural metalloporphyrins, where spin state changes are one of the most prominent features.
56 ͑3͒ The preferred metal doping patterns contain metal atoms that are not in close proximity. ͑4͒ The preferred B-doping sites have B atoms separated by two C atoms. Additional B and N doping increases the ground state spin multiplicity, binding energy and HOMO-LUMO gap, thus increasing capsule stability. ͑5͒ The CLs can selectively encapsulate heavy metal ions. For the CL that is structurally related to C 36 , Th͑IV͒ forms the most effective bonding, suggesting that these structures could be used as size-selective sequestration agents. ͑6͒ The capsules presented could be used in multifunctional devices, such as nanomagmets, lightharvesting antenna, and nanomechanical systems. The transition metal pseudo-square-planar sites built in these capsules can act as catalysts, as it has been realized on walls of CNTs ͑Ref. 17͒ and on metcars. 29 The described metal-doped carbon nanostructures might be experimentally realized with advanced chemical methods, allowing substitutions of selected carbon atoms or via a direct stepwise synthesis. In the first step of such a synthetic approach, one could prepare an open capsule with nitrogenated rim. The opening can be realized by electron beam cutting or by etching in solution. 57 The subsequent nitrogenation can be done by using transient arc discharge. 58 In the second step, we could coordinate the transition metal atom to the nitrogenated rim. More refined structures might be possible to prepare in a series of ring closure reactions in analogy to the synthetic schemes of C 60 . 59 The chemical vapor deposition method of Yang et al. 17 for the preparation of FeN 4 catalytic site built-in CNT walls could be extended to fullerenes. These systems form a bridge between traditional nanostructures and molecules encountered in organic chemistry and biochemistry. As such, they should be of large interest for their potential role in the future nanodevices.
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